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[57) ABSTRACT

A contact point 1s estimated by detecting a variation of
a potential difference between the first and the second
object as the objects approach one another. The method
and apparatus are particularly suited for use in an elec-
trical discharge machine (EDM) that is controlled by a

numerical control (NC) unit for machining a work-
plece. |

20 Claims, 6 Drawing Sheets
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METHOD AND APPARATUS FOR POSITIONING
FIRST AND SECOND OBJECTS BASED ON A |
POTENTIAL DIFFERENCE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention is directed to a positioning
method and apparatus for defining the relative positions
of a first object and a second object.

2. Description of the Related Art

The relative positions of a wire electrode and a work-
piece of an electrical discharge machine (EDM) for
performing electrical discharge machining must be de-
fined accurately prior to the start of machining in order
to ensure high machining accuracy.

To define the positional relationship, it is known in
the art to provide the EDM with a contact position
setting function which brings the electrode and the
workpiece 1nto direct contact and sets that contact
position as a reference. The reference is used by a nu-
merical control (NC) unit to control the positioning of
the electrode and the workpiece relative to each other.

The prior art wire-cut EDM described above is
shown in FIG. §. The positioning of wire electrode 1
- relative to the workpiece 2 is controlled by NC unit 15.
More specifically, the workpiece 2 is positioned by
moving table 3 in either the X or the Y direction, using
corresponding motors 5 and 6. The wire electrode 1 is
fed through the EDM by use of main tension rollers 7
and bottom rollers 8. A contact detector 14 detects the

contact of the wire electrode 1 with the workpiece 2

and outputs the detection signal to NC unit 15.

An example of a typical contact detector 14 used in
the prior art EDM is shown in FIG. 6. The detector 14
receives inputs from wire electrode 1 and the workpiece
2. A volitage source 10 supplies a contact detecting
voltage to the machining gap. A comparator 11 com-
pares the voltage level in the machining gap to deter-
mine whether there 1s contact between the wire elec-
trode and the workpiece 2. The comparator 11 outputs
a signal to the NC unit 1§, indicating that contact has
been determined (i.e., voltage V=V,). A current limit-
g resistor 13 is used to limit the contact detecting
voltage across the machining gap. A switch 12 can be
used by the contact detector 14 to sample the gap volt-
age V alternately. -

In operation, the NC unit 15 receives a command ;

requesting a contact position setting operation to be

10

13

20

25

30

35

45

50

performed. At this time, the contact detector 14 closes

switch 12 and applies a voltage from source 10 across
the machining gap via the current limiting resistor 13.
The wire electrode 1 and the workpiece 2 begin ap-
proaching each other in accordance with commands
output by the NC unit 15. During the operation, the gap
voltage V i1s compared with a predetermined reference
voltage Vp with the comparator 11 to determine
whether the wire electrode 1 and the workpiece 2 have
made contact. When the gap voltage V becomes lower
than the reference voltage V;, an output signal is trans-
mitted by the comparator 11 to the NC unit 15, as de-
scribed above. At this point, the NC unit 15 causes the
wire electrode 1 and the workpiece 2 to stop their ap-
proach, and the contact position setting operation is
complete. The relationship between the machining gap
distance and the gap voltage during the above-
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described contact position setting operation is shown in
FIG. 7.

The gap vo'ltage V can be represented by the follow-
INg exXpression:

V=E—Ri (1)
where E represents the output voltage of the voltage
supply unit 10, R represents the resistance value of the
current limiting resistor 13, and i represents the value of
the current flowing from the voltage supply unit 10 to
the machining gap via the current limiting resistor 13.
Thus, it can be seen that the value of the current i is
restricted by the resistance of the wire electrode 1 and
the resistance of the machining gap. Assuming that the
resistance of the wire electrode 1 is R1 and that of the

machining gap is R2, the current i can pe represented
by: |
i =E/(R+R1+R2) @)

It should be noted that the resistance of the machin-

‘ing gap R2 reduces in proportion to the decrease in the

gap distance. Hence, as the gap distance reduces, the
current 1 increases and the gap voltage V decreases. The
wire resistance R1 reduces in proportion to the increase
in the diameter of the wire electrode 1.

For example, when a wire electrode 1 with a large
diameter 1s to be machined with a workpiece 2 having a
large thickness, the wire resistance Rl is small and the
gap R2 decreases to a great degree as the wire electrode
1 and the workpiece approach each other (i.e., the ma-
chining gap distance decreases). In this case, the current
i flowing in the machining gap increases when the wire
electrode 1 and the workpiece 2 have not yet made
contact, and the gap voltage V falls considerably as
compared to the open voltage E, as shown in FIG. 8. In
contrast, when a wire electrode 1 with a small diameter
1s used with a workpiece having a small thickness, the
wire resistance R1 is large, and the gap resistance R2
decreases to a lesser degree as the wire electrode 1 and
the workpiece 2 approach each other, hence the current
1 increases slightly and the gap voltage V falls slightly.
When the wire electrode 1 and the workpiece 2 have
made contact, the resistance of the wire electrode Rl 1s
large and the area of contact is small as compared to the
positioning of the wire electrode 1 with the large diame-
ter and the workpiece 2 having a large thickness. The
current i, then, and the gap voltage V are only slightly
reduced.

As the reference voltage Vj of the comparator 11 is
fixed, the accuracy of the positioning in the prior art
EDM varies according to the types of wire electrodes
and workpieces used. For instance, if the contact volt-
age V3 has been set to approximate the reference volt-
age Vp, a contact 1s detected considerably ahead of the
contact position of the wire electrode 1 and the work-
piece 2 during the positioning of a wire electrode 1
having a large diameter and a workpiece 2 having a
large thickness. This 1s because the reference voltage
V (set approximately equal to V2) 1s higher than the

actual contact voltage Vi, as shown in FIG. 8.

Similarly, if the contact voltage V; has been set to
approximate the reference voltage Vy, a contact cannot
be detected during the positioning of the wire electrode
1 having a small diameter and the workpiece 2 having a
small thickness. In this case, the gap voltage V does not

fall below the reference voltage Vpdue to the resistance
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R1 of the wire electrode 1. Hence, if the wire electrode
1 having a small diameter is positioned to contact the
workpiece 2 having a small thickness, the reference
voltage V; must be set to a value higher than the

contact voltage Vi in order for the actual contact to be
detected accurately.
In addition, the prior art EDM may be exposed to

galvanic corrosion, as shown in FIG. 9, caused by a
large current flow in the machining gap. Commonly, in
the final stages of the above-described positioning func-
tion the gap resistance reduces to an extremely small
value as the gap distance approaches 0. As a result,
large current may flow in the machining gap causing
galvanic corrosion.

Moreover, where the actual contact could not be
detected accurately, the workpiece 2 would make
contact with a moving wire electrode 1 causing the
wire electrode 1 to fray or create shavings, as shown in
FIG. 10. Shayings 16 within the machining gap tend to
make positioning impossible.

SUMMARY OF THE INVENTION

Accordingly, an object of the present invention is to
overcome the disadvantages of the prior art by provid-
ing a method and apparatus for precisely positioning
independent objects relative to each other.

It 1s a further object of the present invention to mini-
mize the damage to either of the objects during posi-
tioning. |

In accordance with the above objects, a first aspect of
the present invention defines the relative positions of a
first object and a second object by estimating the rela-
tive positions of the first and second objects in accor-
dance with the variation of a potential difference be-
tween the two objects.

A second aspect of the present invention reduces the
relative moving speeds of a first object and a second
object before the relative positions of the first and sec-
ond objects reach their destinations by estimating the
relative positions of the first and second objects in ac-
cordance with the varnation of a potential difference
between the objects. ' .

A third aspect of the present invention positions a
first object and a second object by stopping the applica-
tion of a voltage across the first and second objects

S
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BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be more clearly understood from
the following description in conjunction with the ac-
companying drawings, wherein:

FIG. 11s a diagram illustrating an EDM which 1s the
preferred embodiment the present invention. |

FIG. 2 1s a flow chart of a positioning program ac-
cording to the present invention, which is stored in the
memory of an NC unit for use with the device shown in
FIG. 1. |

FIG. 3 illustrates various sampling points of two gap
voltage-distance curves.

FIG. 4 1llustrates three sampling points on the gap
voltage-distance curve having a linear characteristic
used to estimate a contact detection voltage in accor-

- dance with the present invention.
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during the relative positioning operation of the first and

second objects performed after their relative positions
of destination have been defined.

A fourth aspect of the present invention positions a
first object and a second object by stopping the relative
feeds of the first and second objects in a direction differ-
ent from the on for the relative positioning operation of
the first and second objects during the positioning oper-
ation performed after their relative positions of destina-
tion have been defined.

A fifth aspect of the present invention defines the
relative positions of a first object and a second object by
applying a voltage across the first and second objects,
changing a gap between the first and second objects,
detecting the voltage across the first and second objects
and the variation of the gap at a plurality of detection
points, comparing the slope of the gap variation versus
voltage variation at the plurality of detection points,
and estimating the relative positions of the first and
second objects by means of the slope after the slope has
become constant.
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FIG. §1s a block diagram of a known wire-cut EDM.

FIG. 6 i1s a diagram illustrating a known contact de-
tector.

FIG. 71s a graph illustrating a contact position setting
operation using the known EDM.

FIG. 8 1s a pair of graphs illustrating gap voltage-dis-
tance curves for a large-thickness workpiece and a
small-thickness workpiece. |

FI1G. 9 1llustrates damage of a workpiece due to gal-
vanic corrosion of the wire electrode and workpiece.

FIG. 10 1llustrates positioning error produced by
shavings of a-workpiece caused by wire feeding during
contact of the wire electrode with the workpiece.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

FIG. 1 illustrates an EDM used to practice the pres-
ent invention. The EDM is similar to the prior art EDM
(FIG. 5), wherein corresponding parts are designated
by like reference characters. As in the prior art, a wire
electrode 1 and workpiece 2 are positioned in accor-
dance with commands output by NC unit 4 prior to
machining of the workpiece 2 by the EDM. However,
in accordance with the present invention, an improved
machining gap voltage detector 9 and NC unit 4 are
employed to more accurately and efficiently perform a
contact position setting function.

The NC unit 4 controls the EDM during a contact
position setting function in accordance with a program
stored therein. FIG. 2 illustrates a flow chart of a
contact position setting program stored in the memory
of the NC unit 4. The steps are described as follows.

S1: The wire 1 is fed and tensioned. The switch 12 is
then closed, and a voltage is applied by the voltage
supply unit 10 to the machining gap via the current
limiting resistor 13. The relative approach speed and
direction of the wire 1 and workpiece 2 are set. The
slope of the variation of the gap voltage with respect to
a previous positioning period (hereinafter referred to as
the “slope” or “inclination™ )} and a new inclination is
set to 1000. Any value may be defined instead of 1000 as
long as its absolute value is much greater than 0.

S2: The wire 1 and workpiece 2 are then relatively
moved a certain distance so as to come closer (e.g.,
several um) to each other.

S3: The gap voltage V 1s converted into a digital
value by the analog-to-digital converter 11 of the ma-
chining gap voltage detector 9. This voltage is com-
pared with an open voltage E to determine whether it is
lower by a predetermined level (e.g., an 80% point) or
not. If the gap voltage V has not reached the predeter-
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mined level, the processing of S2 is repeated until the
gap voltage V is lower than the predetermined level.
The point where the gap voltage V is lower than the
open voitage E by the predetermined level is the sam-
pling starting position.

S4: The relative moving speed between the wire and
workpiece is reduced to a speed such that measurement
or sampling of the gap voltage V occurs once per each
reduction of the machining gap by 1 um.

SS: The current inclination becomes the precedmg or
previous inclination.

56: The machining gap is then reduced by a dlstance
indicated by I (e. g., 1 um) in FIG. 3 and sampling points
(gap voltage V) are stored. The value of 1 need not be
kept constant.

S7: A new inclination is obtained.

S8: The preceding inclination is compared with the
new inclination. If they are not substantially equal (e.g.,
error not within +£10%), then steps S5, S6 and S7 are
‘repeated.

- 'The processing of steps S5 to S8 will now be de-
scribed with reference to FIG. 3.

For curve A, the preceding inclination (between
sampling points 1 and 2) and the new inclination (be-
tween sampling points 2 and 3) are calculated as fol-
lows:

Preceding inclination Da]-.-_(Val Va2)/l

New inclination Da2=(Va2—-Va3)/1

where, here, I=1 um

Here, the preceding and new inclinations are equal,
which means that the sampling points have a linear
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characteristic (i.e., are on the same straight line). (Three

points have been defined by way of example, and three
or more points are acceptable.) This indicates that the
gap voltage 1s comparatively stable and is not affected
by the workpiece thickness, wire diameter, etc. In con-
sideration of measurement error, the sampling points
are determined to be on the same straight line if the

slope variance is within 10%, thus the following equa-
tion must be satisfied:

09<Dal/Da2< 1.1

If the inclinations do not match within the above
error (1.e.,=7/0%), the gap voltage variation with gap
distance 1s not yet linear. Therefore, new sampling
points must be taken and the above processing steps
(i.e., S5-S8) repeated until a sequence of sampling
points are determined to be on the same straight line.

59: The contact position is estimated.

The processing of S9 will now be described with
reference to FIG. 4. The estimated contact position is
caiculated using inclination Da4 obtained when sam-
pling points 3, 4, 5 on the curve A have been determined
to be on the same straight line:

Dad =(Vaod - Va5)/!

A straight line passing through the sampling point 5,
shown in FIG. 4, will contact the abscissa (gap distan-
ce=0) at an estimated contact position at distance Lg

ahead of the sampling point 8. Distance Lgis calculated

as follows, where:
R =current limiting resistor value (1)
E=DC power supply output (V)
1=current flowing in the machining gap (A)
R1=wire electrode resistance ({1)
R2=gap resistance ({1)
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p =dielectric resistance ratio ({1/m)
L. =gap distance
R2=plL (3)
The gap voltage V is represented as follows by using
expressions (1), (2) and (3):

V=E(l~-RAR+R1

pL)) 4)

The contact voltage at the estimated contact position
1s obtained as follows from expression (4) since the gap
distance L becomes zero is at the contact position:

)-s

The inclination at this time is as follows from expres-
sion (4):

(5)
R1 -
R + Kl

Itm

R
L—0 E(“ R+ Rl 1 pL

(6)

lim E d 1 R _

L0\ = dL R + Rl + pL -
lim EpR }z EpR
L=O\ (R + RI + pL)? (R + RI1)?

Since the inclination at the estimated contact position
Is approximately equal to the inclination Da4, the fol-
lowing expression is established:

‘l EpR
Rl = Doz — K

Assuming that Va5 is the gap voltage at the sampling
point 5, the distance Ly from the sampling point 5 to the
estimated contact position is as follows:

(7)

Lo=(Va5—E-R1/(R+R1))/Daé4 (8)
Thus, a point reduced by a gap distance of Ly from the
current position (sampling point 5) becomes the esti-
mated contact position.

S10: The voltage application is stopped.

The switch 12 is opened and the voltage application
to the machining gap is stopped.

S11: Wire feeding is stopped.

S512: Positioning is performed to the estimated
contact position obtained at S9.

The estimated contact position for the curve B using
a small-diameter wire and a small-thickness workpiece
can also be obtained in the same manner as described for
curve A.

The above embodiment has been described with ref-
erence to a wire-cut EDM using a water dielectric. It
can easily be shown that a similar operation can be
performed using equivalent principles when the EDM
uses an oil-based dielectric.

Further, the present invention is not limited to the
relative positioning of a wire electrode and a workpiece
in an EDM, but is applicable to a variety of positioning
devices which define the relative positions of objects.

It will be apparent that the invention, as described
above, defines the relative positions of first and the
second objects by estimating the relative positions of
the first and second objects in accordance with the
variation of a potential difference between detected



7
sampling points, so that precision positioning can be
performed without affect due to the shapes, types, or
other conditions of the objects.

The present invention, thus, can be used to reduce the
relative moving speeds of first and second objects be-
fore the objects reach their relative destinations. By

detecting a potential difference between the objects, the
relative position destinations can be reached accurately

in a short time in accordance with the present invention.

Furthermore, damage to either of the first or second
objects can be prevented by stopping the application of
a voltage across the objects during the latter part of the
positioning operation, or by stopping the relative feeds
of the objects when abnormal contact has been made
during the machining operation.

Many features and advantages of the invention are
apparent from the detailed specification and thus it is
intended by the appended claims to cover all such fea-
tures and advantages of the invention which fall within
the true spirit and scope thereof. As numerous modifica-
tions and changes will readily occur to those skilled in
the art, the invention is not to be limited to the exact
construction and operation illustrated and described
above. Accordingly all suitable modifications and
equivalents are to be considered within the scope of the
invention.

We claim:

1. A positioning device for determining and control-
ling the relative positions of two objects, the device
cComprising:

(a) first and second objects;

(b) moving means for relatively moving said first and

second objects; |

(c) detecting means for detecting the potential differ-

ence between said first and second objects, and for
generating an output indicative of said detected
potential difference;

5,170,026

8

(b) estimating the relative destination positions of the
first and second objects in accordance with the

~ variation measured.

6. A positioning method as recited in claim §, further

5 comprising the step of:
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(d) a controller operatively coupled with said moving

means and said detecting means so as to receive
said output and estimate a relative destination posi-
tion of said first and second objects, said controller
also controls said moving means during a position-
Ing operation in accordance with said output and
said estimated relative destination position.

40

43

2. The positioning device of claim 1, wherein said

detecting means comprises a voltage source for apply-
ing a voltage potential across a gap between said first
and second objects, and wherein said estimated destina-
tion position is a position where said first and second
objects make contact with one another.

3. The positioning device of claim 2, wherein said
control means periodically samples said output and
determines when at least three consecutive samples
have a linear characteristic, said controller estimating
said relative destination position from said linear char-
acteristic.

4. The positioning device of claim 3, wherein said
device 1s implemented in an numerically controlled
electrical discharge machine (EDM).

5. A positioning method for defining relative posi-
tions of a first object and a second object in accordance
with a potential difference between the first and second
objects, said method comprising the steps of:

(a) measuring a variation of the potential difference

between the first and second objects with position;
and

50
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stopping the application of a voltage across the first
and second objects during a relative position set-
ting operation of the first and second objects per-
formed after the relative destination positions have
been defined.
7. A positioning method as recited in claim §,
further comprising the step of moving the first and
second objects closer together, and
wherein the first and second objects are positioned by
stopping said moving of the first and second ob-
jects towards one another during a relative position
setting operation of the first and second objects
performed after the relative destination positions
have been defined. |
8. A positioning method for defining relative posi-
tions of a first object and a second object by moving the
first and second objects closer to each other while mea-
suring a potential difference between the first and sec-
ond objects, said method comprising the steps of:
(a) measuring a variation of the potential difference
between the first and second objects with position;
(b) estimating the relative destination positions of said
first and second objects in accordance with the
variation measured: and
(c) reducing the relative approach speed of the ob-
jects before the first and second objects reach the
relative destination positions.
9. A method for positioning a first object in contact

~with a second object by reducing a gap between the first

and second objects, said method comprising the steps
of:

(a) producing a gap voltage across the gap;

(b) moving the first object and the second object
closer together by reducing the gap by a predeter-
mined amount:

(c) determining the gap voltage versus the gap; and

(d) estimating a contact position when said determin-
ing 1n step (c) indicates the variation in said gap
voltage has become substantially linear.

10. A method as recited in claim 9, wherein said

‘method further comprises the step of: (e) positioning the

first object in contact with the second object in accor-
dance with the contact position estimated in step (d).
11. A method as recited in claim 9, wherein said
method further comprises the step of (f) removing,
between steps (d) and (e), the gap voltage from the gap.

12. A method as recited in claim 9, wherein said mov-

ing in step (b) comprises the steps of: |

(bl) moving the first object and the second object
closer together by reducing the gap by a first pre-
determined incremental distance;

(b2) comparing the gap voltage with a predetermined
level of a maximum gap voltage;

(b3) repeating steps (b1) and (b2) until said comparing
in step (b2) indicates the gap voltage is less than the
predetermined level of the maximum gap voltage;
and

(b4) moving, after said comparing in step (b2) indi-
cates the gap voltage is less than the predetermined
level of the maximum gap voltage, the first object
and the second object closer together by reducing
the gap by a predetermined amount.
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13. A method as recited in claim 9, wherein said esti-
mating in step (d) comprises the step of repeating steps
(b) and (c) until the variation determined in step (c)
becomes substantially constant.

14. A method as recited in claim 13, wherein said
estimating in step (d) comprises the step of repeating
steps (b) and (c) until the variation determined in step
(c) becomes substantially linear.

15. A method as recited in claim 14, wherein said

method further comprises the step of: (f) removing,
between steps (d) and (e), the gap voltage from the gap.

16. A method as recited in claim 15, wherein said

moving in step (b) comprises the steps of:

(b1) moving the first object and the second object
closer together by reducing the gap by a first pre-
determined incremental distance;

(b2) comparing the gap voltage with a predetermined
level of a maximum gap voltage;

(b3) repeating steps (bl) and (b2) until said comparing
in step (b2) indicates the gap voltage is less than the
.predetermined level of the maximum gap voltage;
and |

(b4) moving, after said comparing in step (b2) indi-
cates the gap voltage is less than the predetermined
level of the maximum gap voltage, the first object
and the second object closer together by reducing
the gap by a predetermined amount.

17. A method of determining the relative p051t10ns of

first and second objects separated by a gap, said method
comprising the steps of:

(a) producing a gap voltage across the gap;

(b) sampling the gap voltage at a first sampling point;

(¢) moving the first object and the second object
closer together by reducing the gap by a predeter-
mined amount;

(d) sampling, after step (c), the gap voltage at a sec-
ond sampling point;

(e} calculating a first slope based on the predeter-
mined amount and a difference in the gap voltage
for the first and second sample points;

- (f) moving the first object and the second object
closer together by reducing the gap by the prede-
termined amount:

(g) sampling, after step (f), the gap voltage at a third
sampling point;
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(h) calculating a second slope based on the predeter-
mined amount and a difference in the gap voltage
for the second and third sample points; and

(1) estimating a distance to a contact position when
the first and second slopes are substantially con-
stant.

18. A method as recited in claim 17, wherein said
method further comprises the step of (j) positioning the
first object in contact with the second object in accor-
dance with the contact position estimated in step (i).

19. A method for positioning a workpiece in contact
with an electrode of an electrical discharge machine by

- reducing a machining gap between the workpiece and
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“the electrode, said method comprising the steps of:

(a) applying a first voltage across the machining gap;

(b) moving the workpiece and the electrode closer
together by reducing the machining gap by a first
predetermined amount;

(c) detecting a gap voltage across the machining gap;
(d) determining whether the gap voltage 1s lower
than the first voltage by a predetermined level;
(e) moving the workpiece and the electrode closer
together by reducing the machining gap by a sec-
ond predetermined amount when step (d) deter-
mines that the gap voltage is lower than the first
voltage by the predetermined level, the second
predetermined amount being less than the first

predetermined amount;

(f) determining a current inclination Of the gap volt-
age versus the machining gap;

(g) comparing the current inclination with a previous

~inclination;

(h) repeating steps {(e)-(g) using the current inclina-
tion as the previous inclination until the current
inclination subsequently determined in step (f) and
the previous inclination are substantially equal;

(1) estimating a contact position based on the current
mnclination; and

(j) removing the supplied voltage from the machining
gap.

20. A method as recited in claim 19, wherein said

method further comprises the step of:

(k) positioning the workpiece in contact with the
electrode in accordance with the contact position

estimated in step (i).
. * % %X % %
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